Portable epilepsy alarm systems for generalized tonic clonic (GTC) seizures have consequently been investigated thoroughly. 5 Different modalities such as electromyography (EMG), 6 electrodermal response 7 and accelerometry 8 have already been attempted as seizure detection devices for GTC-seizures after the onset of the tonic-clonic phase; some has also been commercialized. 5 However, a portable seizure alarm detecting focal seizures and secondary GTCseizures before the tonic-clonic phase have not yet been realized. 5 Heart rate variability (HRV) is a recognized method of estimating the parasympathetic and sympathetic tonus of the ANS. 9 Inter-ictal baseline differences of HRV between patients with epilepsy and healthy controls have been studied extensively and in general suggest reduced HRV-parameters for patients with epilepsy. [10] [11] [12] Also the HR and HRV changes from inter-ictal to pre/post-ictal and ictal periods have, to some extent, been investigated. 13, 14 In a recently published review Eggleston et al.
reported significant increases of heart rate during seizures for 82% of patients with epilepsy. 14 A study exploring the pre-ictal HRVchanges in 5 min or longer intervals before daytime seizures also found an increasing HR, low-frequency/high-frequency power ratio (LF/HF), and Cardiac Sympathetic Index (CSI), all indicating increased sympathetic arousal, in the last 5 min preceding the seizures compared to periods up to 2 h before the seizure. 15 The heart rate changes occurring during seizures are likely to happen due to the strong interconnecting between common epileptogenetic sites and the amygdala and hippocampi which forms part of the central autonomic nervous system (ANS). 16, 17 Even if the site of epileptic origin is not part of the central autonomic nervous system, spread of seizures leading to involvement of it by ictal activity is common. 17 Also anterior cingulate, insular, posterior orbito-frontal, and the pre-frontal cortices play key roles in influencing the parasympathetic and sympathetic system 14 and specifically seizure propagation to the insular cortex have been shown by cortical stimulation to influence heart rate. 18 These changes in the central ANS have a direct connection to the ictal heart rate changes via the sympathetic and parasympathetic branch of the ANS. However the question remains if the ANS (and HRV) changes in the peri-ictal period of seizures inducing tachycardia can be detected and distinguished from other daily changes known to influence the ANS and induce tachycardia, in particular physical exercise. Although most research regarding HR and HRV changes in patients with epilepsy have estimated group differences between epilepsy patients and healthy controls or between ictal phase and non-ictal phase, a few studies have also, with some success, tried to take it one step further and proposed seizure detection algorithms from ECG-based measurements. 17, [19] [20] [21] However, these studies have been done while patients were in resting state with no control periods of exercise or other strenuous tasks where heart rate pulse is known to increase by which false positive alarms would be suspected to occur. 17, [19] [20] [21] [22] Challenges of making an ECG-based epilepsy alarm still include distinguishing arousal from sleep, standing from reclining, and daily exercises from seizures.
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The aim of this study was to find out whether a continuous HRV-algorithm could reliably detect epileptic seizures and distinguish between the tachycardia related to seizures and the one during exercise from the same patient. The hypothesis was that selected HRV parameters are more sensitive and specific than HR for the changes related to seizure activity.
Methods

Patient recruitment and ECG-processing
Thirty-nine consecutive adult patients were included. Patients were admitted to the long term video-EEG monitoring unit (EMU) at Aarhus University Hospital, Denmark and at the Danish Epilepsy Center, Dianalund, Denmark for diagnostic reasons or pre-surgical evaluation. All patients gave written, informed consent and the study was approved by the Ethics Committee (ID M-20110107). All patients were asked to perform an exercise test, which consisted of a stepwise pulse increase of first 110 beats/min for 2 min, second 140 beats/min for 2 min, and ending with all-out maximum for 3 min. The duration of the exercise test varied from 9 to 11 min. The ECG was recorded using lead II (right clavicle to left lower ribs (costae)) with sampling frequency of 256 or 512 Hz on the same system as the video-EEG (NicoletOne) to ensure optimal time synchronization. The ECG-data of all the seizures were extracted from 15 to 20 min before to 10 min after seizure-onset, if none of the exclusion criteria's were met.
Exclusion criteria for seizure HRV-analysis:
-If any technical features such as disconnection or excessive noise made the R-peak analysis impossible, the time-length of the HRV-analysis from the seizure-session was shortened but still analyzed; however, if these technical features were present between 3 min before to 30 s after seizure-onset the seizure was excluded. -Seizures were excluded when another seizure occurred less than 1 h before the seizure onset. -Auras with no visible semiology and EEG-correlation were excluded. -If patients did not complete at least step 2 (pulse step of 140 bpm for 2 min) of the exercise test the patient was excluded.
Out of the 39 patients, seven did not have any seizures, nine were diagnosed with either psychogenic non-epileptic seizures or the diagnosis was uncertain; one could not perform the exercise test because of knee problems; one had excessive ventricular premature beats; and four could not be analyzed due to artifacts or other technical problems. For the remaining 17 patients (12 males, 5 females; age 20-55, mean 39 years) all seizure onsets and ends were estimated with precision of 1 s by trained experts blinded to the HRV analysis. If no EEG-correlation was found, but visible semiology was present, the timing of the first clinical semiological sign of seizure was used as seizure onset reference (used for seven seizures, two patients; nos.14 and 16).
For all 17 patients with analyzed seizures three non-seizure periods were analyzed using same methods in order to obtain baseline non-seizure values tailored to the individual patients. The three non-seizure periods consisted of:
(1) The first 30 min daytime awake non-seizure period without artifacts more than 3 h before the first seizure. (2) A nighttime (sleeping) non-seizure period from 2.00 am to 2.30 am in the night before the first seizure (if patient was awake the first following sleeping period was used). (3) An 18-30 min period containing the whole of the exercise session.
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A total of forty-seven seizures were included for HRV-analyses (seizure duration: range 20-1056 s, median 87 s). The ECG-data from all 47 extracted seizures and all non-seizure periods was further processed and analyzed in custom-made computer programs developed in LabVIEW 2011. Firstly ECG-data was prepared for R-peak detection using adjustable 5-15 Hz finite impulse response high-pass filter to remove baseline drift and 1 The non-seizure selected exercise-data was if possible 30 min, including several minutes before and after exercise, but if some disconnection or excessive noise artifact in the period outside exercise was present, the period was shortened. Still all exercise-sessions, as a minimum, included the whole of the exercise-test.
artifacts. Secondly automatic R-peak detection with manual editing ensured all R-peak were selected and false detected peaks were deleted by an experienced user.
Moving window heart rate variability analysis methods
Four methods of HRV-analysis with three different timelengths of moving windows were evaluated for seizure detection.
Reciprocal high frequency (HF)-power
The tachogram of all seizure and non-seizure periods were interpolated and resampled with 10 Hz using cubic Hermite interpolation to secure even sample rate of the signal. 9 A moving window of 30, 50 and 100 s with maximum overlapping were applied and Fast Fourier Transformation (FFT) were used to compute the Power Density Spectrum for each window. The band power of the high frequency power (HF) (0.15-0.4 Hz) of each window was thereafter extracted and the reciprocal HF-power computed. The values of each reciprocal HF-power from the moving window were attached to a timeline, where each value depicted the prior 30, 50 and 100 s of reciprocal HF-power of the FFT-analysis.
Heart rate differential method
The heart rate differential method (HR-diff) was done by simple 2nd order central differential method, where the HR-diff was calculated for all R-R intervals (x i ) and summed together in moving windows with maximum overlapping of 30, 50 or 100 R-R intervals for all periods analyzed (1).
The timeline was constructed in same way as for the reciprocal HF-power except it was the prior 30, 50 or 100 R-R intervals instead of seconds that represented the HF-diff values at any given time. This method simply computes the positive rate of heart rate change within the given window.
Cardiac Sympathetic Index (CSI) and Modified CSI methods
These methods have been described more thoroughly in our earlier publication. 23 Briefly: the Lorenz plot (or Poincare plot) is used to calculate the ''beat-to-beat'' R-R interval changes given by four times the standard deviation of the spread in the transverse axis (T-value) and the ''overall'' R-R interval changes given by four times the standard deviation of the spread deviation in the longitudinal axis (L-value) 24 ( Fig. 1) , by which the CSI can be calculated as (L/T) and Modified CSI as (L 2 /T). The same moving windows method of 30, 50 and 100 R-R intervals as for the HF-diff method was used to calculate the continuous CSI and Modified CSI values. The timeline was also constructed in the same way to form a continuous measurement of CSI and Modified CSI (see examples of Modified CSI with 100 R-R intervals in Fig. 2 ).
Positive seizure detection threshold
Positive seizure detection was regarded when the value of the specified HRV-method within a 4-min window from 1 min before to 3 min after seizure-onset time surpassed 105% of the maximum of any non-seizure sample periods from the same patient (including exercise). The timing of the HRV-value passing the 105% threshold line was regarded as detection time. The threshold setting of 105% was applied to create a safety margin to enhance the reliability of distinguishing the non-seizure periods from seizure detection. The maximum of the value within 1 min before to 3 min after seizure-onset time was also divided with the maximum of the non-seizure value during non-seizure periods (including exercise) for same patient to estimate the reliability of the detection.
Results
Of the four different types of HRV-analyses, with the three different time-lengths of moving window, the Modified CSI 100 detected seizures from most patients (Figs. 2 and 3 ). Thirteen out of 17 patients had all seizures detected by the Modified CSI 100 method, with mean detection time 16 s after seizure onset (range: 6 s before till 50 s after seizure onset) ( Table 1, Fig. 4 ). The 13 patients (31 seizures) with positive detection using Modified CSI 100 had seizure maximum values 1.93 times (mean; range: 1.31-3.19) greater than non-seizure maximum value (Table 2) .
Three seizures evolved to bilateral convulsive seizures -sGTCS (patient 5, 4th seizure; patient 9, 4th seizure; patient 10, 1st seizure). All three seizures had Modified CSI 100 detection several seconds before the tonic-clonic phase (85 s, 62 s and 35 s). The ratios of maximum Modified CSI 100 (seizure vs. non-seizure) for these seizures were in range 1.59-2.00.
The CSI and the HR-diff methods proved useful for detecting seizures from some patients (CSI: 5-6 patients, HR-diff: 7-10 patients); however all of these patients also had positive seizure detection with the Modified CSI 100 method ( Table 1) .
The reciprocal HF-power method was not able to distinguish seizures from exercise, as none of the 47 seizures had positive seizure detection for either 30, 50 or 100 s of moving windowing.
The exercise maximum pulse exceeded the seizure maximum pulse for all patients.
Discussion
In search for an optimal seizure detection algorithm, we analyzed four different HRV-methods each of which we tested with three different time-resolutions of moving windows. Our main aim was to distinguish the heart rate changes seen during exercise from those during seizures using an ECG-based seizure detection algorithm.
The geometric and non-stationary Lorenz plot method proved to be the best method of expressing the fast involving changes in the autonomic nervous system (ANS) during seizures. The results demonstrating 13 out of 17 patients having positive detections for all seizures with Modified CSI 100 likewise indicate that this measureable ANS change exceeds and can be distinguished from exercise for most epileptic patients with focal seizures. A general group-difference between CSI in inter-ictal and ictal periods have also been shown in another study, 13 however a continues algorithm based on Lorenz plot with individual threshold setting for seizure detection have to our knowledge not been investigated before.
We hypothesize that the pathophysiological mechanisms behind the Modified CSI algorithm are related to the abnormal increase in sympathetic tonus during seizures. A standardized paced breathing study of healthy subjects showed the SD2 (L) component of the Lorenz/Poincare plot to be strongly correlated with the recognized sympathetic expresser of the frequency domain, LF/HF. 25 This supports the mathematical perception of the proposed Modified CSI algorithm (L 2 /T) being strongly related with the sympathetic tonus of the ANS, as it emphasizes the L value to a greater extent than the CSI algorithm (L/T). The CSI-value (and most likely also the Modified CSI-value) mirrors the sympathetic tonus over a period of time and thus our results indicate a sudden and excessive sympathetic shift in the sympathovagal balance of the autonomic nervous system (ANS) just around seizure-onset for most patients with epilepsy. As reported in another study using ECG-detection algorithms 17 we also did not find any apparent correlation between the location of the epileptic focus and positive detection. The patient-specificity of seizure detection, which our results have indicated, have also been described in other ECG-based seizure detection studies 17, 20, 26 and patient specific HR patterns across different seizures have likewise been reported. 16 Also, Epstein et al. have found an additional increase in mean heart rate when seizures spread from regional limbic to bilateral cortical areas. 27 Therefore, one could speculate that the ictal HR patterns are likely to be related to specific patterns of seizure spread. Thus, we assume that seizure detections were highly patient-specific due to the similarity of specific focal seizure propagation and spread in the brain within, but not between, patients. Thereby we also appreciate that a generic ECG-based seizure detection alarm (that would work for all patients with epilepsy) does not seem plausible with the detection methods and algorithms presented here. However, distinguishing the patients, for whom our proposed seizure alarm system would be possible, could simply be done with semi-automatic analyses of ECG-data from long term video-EEG monitoring with seizure data or seizures and non-seizure periods recorded with ECG by other means. We thereby suggest a patient-tailored threshold and personalized detection setting giving a high specificity and Table 1 Seizure detection with CSI, Modified CSI and HR-differential methods. sensitivity of the seizure detecting system, which also have been proposed by other studies. 14, 20, 26 Three of the analyzed seizures evolved to sGTCS. All were detected using Modified CSI 100 , more than half a minute before the tonic-clonic phase. Although based on a small sample size of sGTCS in this study, an algorithm detecting the sGTCS by more than half a minute before the tonic-clonic phase would have great importance for caretakers when supporting the patient. Furthermore, it raises the possibility of terminating the more dangerous and damaging convulsive phase of the seizure e.g. with fast acting medicine or ondemand vagus nervous stimulation (VNS).
14 A portable seizure detection system alarming relatives or others to take action before or during emergencies such as prolonged-, repetitive-, secondarygeneralized tonic clonic seizures or status epilepticus could in some cases also help prevent sudden unexpected death in epilepsy (SUDEP). 5 ECG-based detection devices could include responsive stimulation of heart, respiration or muscles (including diaphragmatic pacing), administration of medication or oxygen. 5 A reliable seizure detection system with objective seizure logs would also enhance the patient-diary technique, which is subjective and can be influenced by consciousness or memory.
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Expressing heart rate variability parameters by means of FFT power bands have been popular and are often used as standard measurements when doing HRV-analysis of 5 min or longer. 9 In a pilot-study we likewise saw promising results of using the FFT analysis method as seizure detector by doing very short moving window FFT analysis of 64 R-R intervals where 6 of 6 seizures from 3 patients showed higher reciprocal HF-power just around seizure onset compared to non-seizure sample periods. 21 However, in the pilot study we did not include a control period of exercise for the patients, which proved to have a great influence on the results, as seen in the present study, where none of the 47 seizures analyzed had higher reciprocal HF-power than the patient's own nonseizure periods (exercise). This strongly indicates that the reciprocal HF-power to a large extent follow the degree of the maximum pulse rate, which was both higher and had a longer duration for the exercise tests than any seizure, for all analyzed patients.
To the best of our knowledge, this is the first study which compares HRV-changes during seizures and exercise. We choose the stepwise pulse bike-exercise test in order to standardize a physical exercise which we were sure that most patients could complete. It could, however, in future studies also be interesting to test if the positive results would endure if tested against other daily exercise related activities such as climbing stairs, lifting bags and other prompt physical activation, in which a sudden heart rate raise may be expected. 5 We compared the seizure period maximum values of the different HRV detection methods with three non-seizure periods of ½-h HRV-data. The limitation of the non-seizure periods was set because of the time-consuming task of data processing and manually ensuring correct R-peak detection. However, the high individual detection sensitivity of 100% for 13 of 17 patients using the Modified CSI 100 algorithm, and the fact that the highest nonseizure values often were seen during exercise, we believe proves the realistic perspectives in using Modified CSI algorithm as a significant parameter in personalized ECG-based seizure detection alarm for a majority of patients with epilepsy. This is to be challenged in a blinded prospective study where the sensitivity and specificity of this method will be evaluated and longer nonseizure periods will be used as control. Furthermore, such a study might also try to identify the difference between the patients with and without positive seizure detection in regards to the seizures focal onset and possible spread to the ANS pathways (for instance by using Magnetoencephalography and EEG source imaging).
Conclusion
The results indicate that a portable ECG seizure detection alarm system distinguishing the heart rate tachycardia seen during seizures with that during exercise seems highly possible for a majority of patients with epilepsy based on the methods presented here. The Modified CSI distinguished accurately between physiologic, exercise-induced ECG changes and the ictal ECG changes, while a simple analysis of the HR failed to do so. Although some patients do not develop specific detectable heart rate changes during seizures, it can easily be decided for which patients an ECGseizure-alarm system would work by analyzing patient ECG-data from video-EEG monitoring units or by other means.
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